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Climatemodelssolve theinitial value problemof integrating forward in time the stateof the

component®f the planetaryclimate system. The underlyingdynamicsis the solution of the

non-linearNavier-Stokes equationon a sphere. While the dynamicsitself is the samefor a

wide variety of problems,resolutionsand lengthsof integration vary over several ordersof

magnitudeof time andspacescales Efficientintegrationfor differentproblemsequiredifferent
representationsf the basicnumericalkernels which may alsobe a function of the underlying
computerarchitecturenwhich thesimulationsaredone.ModernlanguagesuchasFortran90

and C++ offer the possibility of abstractrepresentationsf the the basicdynamicaloperators.
Theseabstraction®ffer alarge measureof flexibility in the dynamicaloperatorcode,without

requiringlarge-scalerewriting for differentproblemsizesandarchitectures.The costof this

abstractioris a function of thematurity of the compileraswell asthelanguagedesign.

1 Intr oduction

Numericalclimateandweathemodelstodayoperateover a wide rangeof time and
spacescales. Currentresolutionsof weatherforecastingmodelsapproach50 km

for global models,and 10 km for mesoscalanodels. Oceanmodelsrangefrom

O(100)km for climatic studiesto theeddy-resolvingnodelsin coastabasins.Non-

hydrostaticatmospherienodelsat kilometre-scalgesolutionsareusedin smalldo-

mainsto studycloud andseverestormdynamicsandin muchlargerdomainsspan-
ning O(1000)km to studythe processesinderlyinglarge-scaleconvectively-driven
systemssuchasmid-latitudecyclonesandthe ITCZ. Dependingonthe problemun-

derconsiderationwe may chooseto usespectralor grid-pointmethodshydrostatic
or non-hydrostatiqrimitive equations;a variety of physicalprocessesnay be re-

solved by the numericsor remainunresohed (parameterizedthe researchmay be
focusedon understandinghaoticlow-orderdynamicsof a simplified coupledsys-
tem, or on a comprehensie accountingof all contributing climate systemcompo-
nents;andin all of these the underlyingdynamicsremainsthe solutionof the same
non-linearNavier-Stokes equationappliedto the complex fluids that constitutethe
planetaryclimatesystem.

In climateresearchwith the increasecemphasison detailedrepresentatiof
individual physicalprocessegoverningthe climate,the constructiorof amodelhas
cometo requirelarge teamsworking in concert,with individual sub-groupseach
specializingin a differentcomponenbf the climate system,suchasthe oceancir-
culation,the biosphereland hydrology, radiative transferandchemistry andsoon.
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Thedevelopmenbf modelcodenow requiresteamsto be ableto contribute compo-
nentsto an overall coupledsystem,with no single kernelof researchersastering
thewhole. This may be calledthe distributed developmenmode] in contrastwith
themonolithicsmall-teanmodelof earlierdecades.

Thesedevelopmentsentaila changein the programmingparadigmusedin the
constructionof complex earthsystemsmodels. The approachs to build codeout
of independentodularcomponentswhich can be assembledy either choosing
a configurationof componentsuitableto the scientifictaskat hand,or elseeasily
extendedto sucha configuration. The code must thus embodythe principles of
modularity flexibility and extensibility.

The currenttrend in modeldevelopmentis alongtheselines, with systematic
efforts underway in Europeandthe U.S to develop sharedinfrastructurefor earth
systemsnodels.lt is ervisagedthatthe modelsdevelopedon this sharednfrastruc-
turewill goto meetavarietyof needsthey will work ondifferentavailablecomputer
architecturest differentlevels of compleity, with the samemodelcodeusingone
setof component®n a university researches desktop,andwith a differentchoice
of subsystemsunningcomprehensie assessments climateevolution atlarge su-
percomputingsitesusingthe bestassemblyof climatecomponenmodelsavailable
atthemoment.

Thesharednfrastructurecurrentlyin developmentoncentratesntheunderly-
ing “plumbing” for coupledearthsystemanodels,building the layersnecessaryor
efficient parallelcomputatioranddatatransferbetweermodelcomponent®ninde-
pendengrids. Thenext stagewill involve building alayerof configurablenumerical
kernelson top of this layer, andthis papersuggests possiblemechanisnfor the
numericalkernellayer.

The Fortran-90languagé offers a reasonableeompromisebetweenthe need
to develop high-performancéernelsfor the numericalalgorithmsunderlyingnon-
linearflow in complex fluids, andthe high-level structureneededo harnessompo-
nentmodelsof climatesubsystemdevelopedby independengroupsof researchers.
In this paper | demonstratéhe constructionof parallelnumericalkernelsin F90in
the context of the GFDL Flexible Modeling System(FMS)*. The structureof the
paperis asfollows. Sec.2is a brief descriptionof FMS. Sec.3 describegshe MPP
modules,a modularparallel computinginfrastructureunderlyingFMS, and exten-
sively usedin theapproactoutlinedin this paper In Sec.4, centralto this paperthis
sharedsoftwareinfrastructurds takento the next stage:it is shovn how configurable
numericscanbe built, andextendedto includenumericalalgorithmssuitableto the
problemat hand. A shallov water modelis usedhereas a pedagogicakxample.
The codeusedin this sectionis releasedinderthe GNU public license(GPL) and

%http://iwwwgfdl.gov/"fms
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is availablefor download. Thesectionconcludeswith a discussiorof the strengths
andlimitations of this approach.Sec.5 summarizeghe findings of the paper and
suggestsvaysforward.

2 FMS: the GFDL Flexible Modeling System

The GeophysicaFluid DynamicsLaboratory(NOAA/GFDL) undertooka technol-
ogy modernizatiorprogrambeginningin the late 1990s. The principal aim wasto
prepareanorderlytransitionfrom vectorto parallelcomputing.Simultaneouslythe
opportunitypresentedtself for a softwaremodernizatioreffort, the resultof which
is the GFDL Flexible Modeling System(FMS). The FMS constitutesa sharedsoft-
ware infrastructurefor the constructionof climate modelsand model components
for vectorand parallelcomputers.It formsthe basisof currentandfuture coupled
modelingat GFDL. It hasbeenrecentlybenchmarkd on a wide variety of high-
endcomputingsystemsandrunsin productionon threevery differentarchitectures:
parallelvector(PVP), distributed massvely-parallel(MPP) and distributed shared-
memory(DSM)¢, aswell ason scalamicroprocessordModelsin productionwithin
FMSincludea hydrostaticspectratmospherea hydrostatiagrid-pointatmosphere,
an oceanmodel(MOM), andland andseaice models. In developmentare a non-
hydrostaticatmospherienodel,an Arakawa C-grid? versionof the hydrostatiogrid-
point atmospherianodel, anisopycnal coordinateoceanmodel,and an oceandata
assimilationsystem.

The sharedsoftwarefor FMS includesat the lowestlevel a parallelframenork
for handlingdistribution of work amongmultiple processorsdescribedn Sec.3.
Uponthis arebuilt the exchange grid softwarelayerfor consenrative dataexchange
betweerindependeniodelgrids,andalayerfor parallell/O. Furtherlayersof soft-
ware include a diagnosticsmanager for creatingruntime diagnosticdatasetsn a
variety of file formats,a time manager, generalutilities for file-handlinganderror
handling,anda uniform interfaceto scientificsoftwarelibrariesproviding methods
suchas FFTs. Interchangeableomponentsare designedo presenta uniform in-
terface,so thatfor instance behindan ocean‘model” interfacein FMS may lie a
full-fledgedoceammodel,afew linesof coderepresentingmixedlayer, or merelya
routinethatreadsn anappropriatalatasetyithoutrequiringothercomponenmod-
elsto be awarewhich of thesehasbeenchoserin a particularmodelconfiguration.
Physicgoutinesconstructedor FMS adhereo the 1D columnphysicsspecificatioft
providing a uniform physicsinterface. Coupledclimatemodelsin FMS arebuilt as

bhttp:/vwwgfdl.noaa.ge/"vb/kernés.html
¢Also known ascache-coheremton-uniformmemoryaccesgccNUMA) architecture.
dhttp:/Mmwwgfdl.gov/ fms/gfdl/f90 physicsspec.ps
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a single executablecalling subroutinesor componentmodelsfor the atmosphere,
oceanandso on. Componentmodelsmay be on independentogically rectangu-
lar (thoughpossiblyphysicallycurvilinear) grids, linked by the exchangegrid, and
makingmaximaluseof the sharedsoftwarelayers.

3 The MPP modules

The parallel framewnork for modelingin FMS is provided by a layer of software
calledthe MPP modules.

Low-level communication. This layer is intendedto protectthe code from the
communicationAPIs (MPI, SHMEM, shared-memorynaps), offering low-
overheadprotocolsto afew communicatioroperationssufiicientfor mostpur-
poses.lt is designedo be extensibleto machineswvhich oblige the userto use
hybrid parallelismsemantics.

The domain classlibrary . This moduleprovidesaclasg to definedomaindecom-
positionsandupdateslt providesmethoddor performinghaloupdateon grid-
point models,anddatatransposefor spectraimodelsor ary otherpurposege.g
FFTs). It is currentlyrestrictedto logically rectilinear grids (which cateyory
includesnon-standargjrids suchasthe bipolar grid® andcubedspheré). This
layeris describedn somedetailbelow.

Parallel 1/0. The parallell/O moduleprovidesa simpleinterfacefor readingand
writing distributeddata.lt is designedor performancen parallelwrites which
arefar morefrequentin thesemodels. Merely by settingthe appropriatelags
whenopeninga file, userscanchoosebetweendifferentl/O modes,ncluding
sequentialor direct accessmulti-threadedor single-threaded/O?, writing a
singlefile or multiple files for laterassemblylt currentlysupportsnetCDFand
raw unformatteddata,but is designedo be extensibleto otherformats.

The domainclassis briefly describedhere,asit is usedin whatfollows. The
basicelementin the hierarchyis anaxisspecification:

¢http://wwwgfdl.noaa.ge/ vb/mpp.html

fThe classlibrary terminologyis usually associatedvith object-orientedanguagegC++, Java). It
is a well-kept secretthat F90 modulesallow one to build classlibraries, having mary of the use-
ful features,but few of the current performancedisadantagesof OO languages. See POOMA
(http://wwmcs.lanl.ga/pooma)for a C++ approactto builing numericakernels.
9Single-threaded/O on multiple processorsnvolves having one processomgatherthe global datafor
writing, or scattetthe dataafterreading.
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type, public :: domain_axis_spec
i nteger :: begin, end, size, max_size
| ogical :: is_global
end type domai n_axi s_spec
Theaxisspecificatiormerelymarksthebeginningandendof acontiguougange
in index space,plus for corveniencesomeadditional redundantinformation that
can be computedfrom the range. Using this, we constructa derived type called
domai n1Dthatcanbeusedto specifya 1D domaindecomposition:

type, public :: domainlD

type(domai n_axi s_spec) :: conpute, data, global
i nteger :: pe
type(domai n1D), pointer :: prev, next

end type dommi nlD

The domaindecompositiorconsistsof threeaxis specificationghat containall
theinformationaboutthe grid topologynecessarjor communicatioroperationon
distributed arrays. The computedomainspecifiesthe rangeof indicesthat will be
computedon a particularprocessingelement(PE). The data domainspecifiesthe
rangeof indicesthat are necessaryor thesecomputationsj.e by including a halo
region sufficiently wide to supportthe numerics. The global domainspecifiesthe
globalextentof the arraythathasbeendistributedacrosgprocessorsln additionthe
domai n1DtypeassociateaprocessolD with eachdomain,andmaintainsalinked
list of neighboursn eachdirection.

It is now simpleto constructhigherorderdomaindecompositionspf which the
2D decompositioris the mostcommon. This is specifiedby a derived type called
dormai n2D, whichis constructedisingorthogonaldomai n1D objects:
type, public :: domain2D

type(domai nlD) :: X, Yy

i nteger :: pe

type(domai n2D), pointer :: west, east, south, north
end type domai n2D

Marny of the methodsassociateavith adomai n2D canbe assembledrom op-
erationsonits dorai n1D elementsThe additionalinformationhereis to maintain
a list of neighboursalongtwo axes,andto assigna PE to each2D domain. The
domai n2D objectis shavn herein Fig. 1, for a global domain( 1: nx, 1: ny)
distributedacrossprocessorandyieldingacomputedomain(i s:ie,js:je).

Therearetwo basicoperationson the domainclass.Oneis to setup a domain
decompositiorbasedon the modelgrid topology The seconds a high-level com-
municationoperationto fill in non-localdatapointswhich lie in computedomains
on otherPEs,andmustthereforebe updatedaftera computecycle (e.ghaloupdate).
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Figurel. Thedomai n2Dtype,shaving global,dataandcomputedomains.

The simplestversionof the first call is given a global grid and the required
halosizesin z andy, andreturnsanarrayof dormai n2D objectswith the required
decomposition:
type(donmai n2D) :: donami n(0: npes-1)
call npp_define_domains( (/1,nx,1,ny/), domain, xhalo=2, yhal 0o=2 )

This requests decompositiorof the globaldomainon npes PEs,with ahalo
size of 2. The layout acrossPEsand domainextentshereare internally chosen,
thoughoptionalargumentsallow the userto take control of theseif desired.In ad-
dition, thereare optional flags for the userto passin information aboutthe grid
topology, e.g periodic boundariesn z or y, or folds (asin cylindrical or bipolar
grids).

After settingup a domaindecompositionwe may proceedwith a computation.
All datais allocatedon the datadomain,of which only the computedomainsubset
is locally updated.At the endof a computecycle, typically a timestep,we make a
call to updatethe non-localdata(haloregion):

real, allocatable :: f(:,:)
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call npp_define _domains( (/1,nx,1,ny/), donain, xhal o=2, yhal 0o=2 )

call npp_get conpute_domain( domain, is, ie, js, je)
call npp_get _data_domai n( domain, isd, ied, jsd, jed)
allocate( f(isd:ied,jsd:jed) )

dot = start, end I'tinme | oop
doj =js,je
doi =is,ie
f(i,j) = ... I conput ati onal kerne
end do
end do
call npp_update_domains( f, dommin )
end do

All the topology and connectvity informationis storedin donai n, allowing
the haloupdateto proceed.This dataencapsulatioprovesto be a powerful mech-
anismto simplify high-level code. The syntaxremainsidenticalfor arraysof ary
type, kind or rank; for openor periodicboundaryconditions;for simple or exotic
logically rectangulagrids;andon avarietyof parallelcomputingarchitecturesilt is
atestamento the succes®f thelayeredandencapsulatethterfacedesignthatthere
arevery few circumstancesinderwhich developersof parallelalgorithmsin FMS
have neededlirectrecoursedo the underlyingcommunicatiorprotocols.

In the next sectionwe demonstrate¢he constructiorof alayerof numericalker-
nelsontop of thedonai n classlibrary.

4 Parallel numerical kernelsin F90
Theshallav watermodelrepresentshe dynamicsof smalldisplacementsf thesur

faceof afluid layerof constantlensityin a gravitationalfield. Givenarotatingfluid
of heightH, the 2D dynamicsof asmalldisplacementy < H maybewritten as:

%LHVHN% (19
Ou 9
Ez—gVn+kau+vV u+F (1b)

whereu is thehorizontalvelocity, g theacceleratiomueto gravity, f theCorio-
lis parameterv the coeficient of viscosity andF anexternalforcing. | have chosen
to discretizeit below usinga forward-backvardtimestep,andan explicit treatment
of rotation,asfollows:
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A = HV )" Vi (2a)
un+1 _ un
K = (V)" + fkoxu” +uViun + BT (2b)

The superscriptefersto thetime level. The spatialdiscretizatiorhasbeenleft
unspecifiecbecausahe numericalkernelsconstructedvill be ableto supportmul-
tiple grid stencils. Obsenant readerswill note that the treatmentof the Coriolis
termis formally unstablethe unconditionallystablerepresentatiomtroducessome
additionalconsiderationghatarediscussedbelow in Sec.4g.

The shallov watermodelis a standardpedagogicatool usedin NWP?. It is
alsoof significancein real models: eachlayer of a mass-basedertical coordinate
systemmaybethoughtof asbeingashallov waterlayer. In addition,it is customary
in oceanmodelsto separateut the 2D barotropicdynamicsof the oceanwhich is
formally a shallav water model, from the 3D baroclinic dynamicsof the interior,
whoseintrinsic timescalesare muchlonger Parallel barotropicsolverstendto be
lateng/-bound and limit the scalability of oceancode$, and are thus a potential
clientfor efficientnumericalkernelsdevelopedfor a shallov watermodel.

4a A classhierarchy for the shallowwatermodel

The key to constructingclasslibrariesthat areintuitive andeasyto useis to define
objectsascloseasis reasonabléo the elementf the systembeingmodeled.Here
the objectsbeingmodeledarevectorandscalarfields, andthe operationsare arith-
metic, rotationaland differential operationson fields. Thesewill thusbecomethe
objectsandmethodsof our class.Differentialoperationson scalarandvectorfields
will requirearepresentationf a grid, with anassociatednetrictensor Finally, for
parallelcodes the grid will needto built on a layer supportingdomaindecomposi-
tion. Thusthe classhierarchybeingdevelopedis:

The domain class describedbove,representingndex-spacdopologiesof domains
distributedacrosgarallelprocessinglements;

A grid class superposing physicalgrid onthedomainclass,supplyinga grid met-
ric tensoranddifferentiationcoeficients;

A field class of 2D scalarand vector fields supportingarithmetic, rotational, and
differentialoperationon thegrid.
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The shallov-watermodelis 2D, andthereforetendsto belateng/-bound,since
a 2D halo region producesa shortcommunicatiorbyte-stream.We usethe active
domainaxisspecificatiorfor lateng/-hiding.

4b Activedomains.

A new axis specificatiorthathasrecentlybeenaddedto the domainclassis the ac-
tive domainaxis specification. This canbe usedto maintainthe stateof the data
domain,andcanprovide a simpleandpowerful mechanisnof tradingcommunica-
tion for computationon parallelclusterswith high-lateng interconnectabrics,or,
more generally on high-latengy codesggments. The ideais to usewide halosand
computeasmuchlocally in the haloasthe numericspermit. Thesepointsareshared
by morethanone PE, andthusareredundantlycomputed. The redundantcompu-
tationspermitoneto performhalo updatedessoften. In eachcomputationatycle,
the size of the active domainis reduceduntil no further computationsare possible
withoutahaloupdate Only thenis thehaloupdateperformed An exampleis shovn
below in Sec.4f. Fig. 2 shawvs successie stagesof a computationatycle requiring
haloupdatesn every fourthtimestep.

4c Scalarandvectorfields

Thescalafrfield is constructedsfollows:
type, public :: scalar2D

real, pointer :: data(:,:)

integer :: is, ie, s, je
end type scal ar2D

Thedat a elemenbfthescal ar 2Dtypecontainghefield values.TheFortran
standardequiresarrayswithin derivedtypesto have thepoi nt er attribute. (This
will berevisedin Fortran-2000which will permitallocatablearrayswithin types).
The actve domaindescribedn Sec.4b maintainsthe stateof the datadomain,and
setsthelimits of thedomainthatcontainvalid data.We usethis informationto limit
the array sectionsusedfor computationsandto determinewhen a halo updateis
required.

Thereareprosandconsto the useof arrayswith apoi nt er attribute:

e Pointerarrayscanbe pointedto a persistenprivateworkspacegalledthe user
stak. This hastwo adwantages:
— It savestheoverheadf a systemcall to allocatememoryfrom the heap;

— It avoidsthepossibility of memoryleaksthatcanbe causedy incautious
useof theal | ocat e statemenbnpoi nt er arrays:
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Figure2. Thedomai n2D type, shaving global, dataand computedomainsasthick lines. Successie
stagef adiminishingactive domainareshawvn asthin lines.

real, pointer :: a(:)
real, target :: b(100)
al l ocate( a(100) )
a=>>b

At this point, the original allocationof 100wordshasno handle andcan-
notbedeallocatedy the user nor canthe compilerdeterminevhetheror
notsomearrayis pointingto thislocation. Thisis amemoryleakthatcan
grow withoutlimit, if it occursin aroutinethatis repeatedlycalled.

¢ It may not be possiblefor an optimizing compilerto determinef two pointer
arraysareor arenot aliased to eachother Non-standarcompilerdirectives
(e.g! di r$ | VDEP on compilerssupportingCray directive syntax)generally
permitthe userto assisthecompilerin this regard.

e TheF90standardequiresthe assignmenbperator(=) appliedto pointercom-

hi.e, have overlappingmemorylocations.
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ponentgo redirectthem,ratherthancopy them. This canyield counterintuitive
behaiour:

type(scalar2D) :: a, b
a=>b
b%lata = ...

This will changethe valuesof a%lat a, which may run againstexpectations.
(Changedo the RHS of an assignmentfter the assignmento not affect the

LHS for ordinaryvariables).A further complicationis thatthe future revision

of the standardwhich permitsallocatablearray componentswill restorethe

expectedbehaiour.

In consideratiomf thelastissue we overloadtheassignmeninterfaceto restore
the expectedbehaiour whenthe RHSis of t ype( scal ar 2D) . We alsousethe
assignmeninterfaceto make it possibleto assigrsimplearraysor scalarg¢o a scalar
field (e.ga=0):

i nterface assignment (=)

nmodul e procedure copy_scal ar2D to_scal ar 2D

nodul e procedure assign 0D to_scal ar2D

nodul e procedure assign 2D to_scal ar2D
end interface

In all versionsof theseprocedureswefirst allocatespaceor the LHS datafrom
the userstack. In thefirst instanceof the overloadedassignmentthe RHSis alsoa
scalarfield, andthevaluesin its dat a elementarecopiedinto the LHS dat a, and
theactive domainonthe RHSis appliedontheresult.In the othertwo instancesthe
RHSis arealarrayor scalarwhichis usedto fill thedat a elementf the LHS:

type(scalar2D) :: a, b

real :: c
real :: d(:,:)
a=»>ot

a=c¢c

a=d

The differentpossibilitiesareillustratedabove. In the assignmenbf b andd,
anerrorresultsif thearraysonthe RHSdo notconformto a%lat a.
Thehorizontalvectorfield is constructedisa pair of scalarfields:
type, public :: hvector2D
type(scalar2D) :: x, y
integer :: is, ie, js, je
end type hvector2D
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andits assignmenbperationsareinheritedfrom its scalarcomponents:
subroutine copy_hvector2D to _hvector2D( a, b )

type(hvector2D), intent(inout) :: a
type(hvector2D), intent(in) . b
am = bw

a%y = b%

return

end subroutine copy_hvector2D to_hvector2D

4d Arithmeticoperators

Considerthe additionoperationappliedto scalarfields:
type(scalar2D) :: a, b, c
a=>b+c
This operation requires the arithmetic operation a%dat a = b%lata +
c%lat a, subjectto limits on the active domain. The active domainthat results
is theintersectiorof thetwo active domainsonthe LHS:
i nterface operator(+)
nmodul e procedure add_scal ar2D
nmodul e procedure add_hvect or 2D
end interface

function add_scalar2D( a, b )

type(scal ar2D) :: add_scal ar2D
type(scal ar2D), intent(in) :: a, b
add_scal ar 2D%gdat a => wor k2D :, :, nbuf2) !assign fromuser stack

add_scal ar2D% s
add_scal ar 2D% e
add_scal ar2D% s max(a% s, b% s)
add_scal ar2D% e mn(a% e, b% e)
do j = add_scal ar2D% s, add_scal ar2D% e

max(a% s, b% s)
m n(a% e, b% e)

do i = add_scal ar2D% s, add_scal ar 2D% e
add_scal ar2D%ata(i,j) = a%ata(i,j) + b%ata(i,j)
end do
end do
return

end function add_scal ar2D

For multiplication,oneof the multiplicandsis a scalaror 2D array

The vectorfield is able to inherit its arithmetic operationsas a combination
of operationson its componentsjust aswas donefor the assignmentnterfacein
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Figure3. T- andU-cellsonthe Arakava B-grid.

Sec.4c.

4e Rotationaloperators

The computationof the Coriolis term requiresthe rotation of a vectorfield about
the vertical. We candefinean operatorkcr oss which takes a single vectorfield
argumentand returnsa rotatedvectorfield. This is very striaghtforward on grid
stencilswherethevectorcomponentaredefinedatthesamepoint,asin theArakava
A andB grids?, but requiresaveragingfor the C-grid, wherevectorcomponentsre
notcollocated.

The function kdot cur | , taking a vectorfield operandand returningthe k-
componenbf vorticity asa scalarfield, mayadditionallybe definedif needed.

4f Differential operators

The differential operatorsnclude gradient which takesa scalarfield operandand
returnsavectorfield; divergence takinga vectorfield operandandreturninga scalar
field, andlaplacian, definedfor both vectorand scalarfields. | illustrate herethe
constructionof differential operatorson a B-grid. The B-grid T- and U-cells are
shawvnin Fig. 3:

The discreterepresentationf gradientanddivergenceoperatorausingforward
differenceontheB-grid is:

V-u = 6,(T¥) + 6,(7%) (33
(VT)e = 6.(T") (3b)
(VT), = 6,(T" (39
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The codefor thegradientoperatoris shovn below:
function grad(scal ar)
type(hvector2D) :: grad
type(scal ar2D), intent(inout) :: scalar

call npp_get_conpute_domai n( domain, is, ie, js, je)
call npp_get _data_domai n( domain, isd, ied, jsd, jed)
grad¥% => wor k2D(:, :, nbuf x)
grad% => work2D(:, :, nbufy)
if( scalar%e.LE.ie .OR scalar%e.LE je )then
cal |l npp_updat e_domai ns( scal ar%ata, domain, EAST+NORTH )

scalar% e = ied
scalar%e = jed
end if

scalar%e - 1

grad% s = scalar%s; grad%e
= scalar%e - 1

grad% s = scalar%s; grad%e
do j = grad%s, grad% e
do i = grad% s, grad% e
tnmpl = scal ar%lata(i +1,j+1) - scalar%ata(i,j)
tnmp2 = scal ar%lata(i +1,j) - scal ar%ata(i,]j+1)
wor k2D(i,j,nbufx) = gradx(i,j)*( tnpl + tnmp2 )
wor k2D(i,j,nbufy) = grady(i,j)*( tnmpl - tnp2 )
end do
end do

Therearecertainaspect®f this codefragmentworth highlighting:

¢ Thedifferencingon the B-grid requiresthe valuesat (i +1, j +1) in orderto
compute(i, j ), thuslosing one point in the easternand northernhaloson
eachcomputecycle. A halo updateis performedwhenthereareinsufiicient
active pointsavailableto fill the computedomainof the resultingvectorfield.
We may avoid updatingthe westernand southerrhalos,which arenever used
in this computation.

Thehalosizemustbe at leastl for this numericalkernel,but canbe setmuch
higheratinitializationin thenpp_def i ne_donai ns call (Sec.3). Forahalo
size of n, halo updatesarerequiredonly onceevery n timesteps.This illus-
tratesthe sortsof paralleloptimizationsyieldedby the constructiorof modular
numericalkernels.

e Theloop itself hasa complicatedform, particularto the B-grid stencilshown.
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Other loop optimizationsmay be applied here without compromisingthe
higherlevel code. Operatordor otherstencilsmay be overloadedchereaswell
underthegenericinterfacegr ad, againpreservinghigherlevel codestructure.

e The haloupdateshave beenillustratedhereasblocking calls, which complete
uponreturnfrom the call. For afully non-blockinghaloupdate the call would
be madeat the endof a computecycle, andthe usualwait-for-completioncall
(e.gMPI _WAI T) calledatthetop of the next cycle.

4g High-levelformulationof a shallowwatermodel

Usingthe constructslevelopedhere,abasicshallav watermodelmay bewrittenin
standard-ortran-90asfollows:

program shal | ow _wat er
use fields

type(scalar2D) :: eta
type(hvector2D) :: u, forcing
dot = start,end I'tine |oop

eta = eta + dt*( -h*div(u) + nu*lapl(eta) )

u=u+dt*( -g*grad(eta) + f*kcross(u) + nu*lapl(u) + forcing )
end do
end program shal | ow wat er

This codé possesseseveral of the featureswe seekto build into our codes:
portability, scalability easeof use,modularity, flexibility andextensibility:

e The codehasbeenvalidatedon Cray PVP and MPP systems SGI ccNUMA,
andaBeowulf clusterusingthe PGF90compiler Onthe CrayandSGIlcompil-
ers,theabstractiorpenaltywithoutusingspecialdirectivesis estimatedtabout
20%. Somecausedor the abstractiorpenaltyarenotedbelow.

e For atypical modelgrid of 200x200points,it scaleso 80%on 64 PEswith a
halosizeof 1. It is memory-scalingxceptfor the haloregion.

e Theparallelcalls arebuilt into the kernels,andare calledonly at need. Both
blocking and non-blockinghalo updatesare supported. In addition, the fre-
gueny of halo updatescan be reducedon a high-lateng interconnecat the
costof additionalcomputationmerelyby settingwider halosat initialization,
andno othercodechanges.

t Availablefor downloadfrom http://wwwgfdl.noaa.ga/ vb/kernds.html
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e The grid stencils,andthe orderingof indices,etc.,canbe changedwithin the
kernelswithout affectingthe calling routines. This is doneby overloadingker-
nelsfor differentgrid stencilsunderthe samegenericinterface.ln additionthis
would permit the useof differentgrid stencilsin differentpartsof the code.
However, therearesomebasiclimits to this flexibility , notedbelow.

Somedifficulties with this approachmay alsobe noted. Oneis that arithmetic
operatorsonstructecsshovn heredo not performcertainoptimizationsghatwould
be donefor equivalentarrayoperationsillustratedby theseexamples:
a=-a+b
a=b+c+d

In thefirst example,onememorystreanmaybesavedby knowing thatthe LHS
arrayalsoappear®nthe RHS. Sincea functioncall is usedto performthe addition
here,an extra memorystreamis used. In the secondexample,the loop construct
would chainthetwo additionstogethelin asingleloop. Herethefunctionsarecalled
pairwise. While it is possiblein principle to chainfunction calls, it is unlikely that
ary compilerin practiceperformsthis level of interproceduralnalysis. Theseare
contributorsto the abstractiorpenaltynotedabove.

A secondimitation of this approachaffectsthe flexibility in the choiceof grid
stencilfor a given high-level castingof the equations.This is dueto the fact that
the time discretizationmust be explicitly maintainedin high-level codewhile we
seekto constructnumericalkernelsfor spatialoperators.This is bestillustratedby
modifying Eq. 2 to useanimplicit treatmenbf the Coriolis force:

n -1 _ _ A n

o = —H(V-u) (43
un+1 . lln un+1 + un

A7 = —g(Vn)" + fk x (f) +F" (4b)

Using a grid stencilwherevectorcomponentsrecollocated,it is easyto rear
rangetermsin theu equatiorto bringu™*! to the LHS. Thetimesteppindor u then
takesplacein two steps:
f2a =1f/2
u u + dt*( -g*grad(eta) + f2*kcross(u) + nu*lapl(u) + forcing )
u (u+ dt*f2*kcross(u) )/( 1 + f2**2 )

However, on a C-grid, sincethe vectorcomponentarenot collocated the im-
plicit Coriolis term requiresa matrix inversiori. Particularly vexing in the current
contet is thatthe high-level structureof the equationgdependson the spatialgrid
stencil. The high-level form of the equationgmay notin all instancese ableto be
madeindependenof thegrid numerics.
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5 Discussion

Earthsystemamodelsarerun over a wide rangeof time and spacescalesjn mary
configurationsservinga wide variety of needswhile sharingthe sameunderlying
Navier-Stokes dynamicsappliedto comple fluids. As model compleity grows,
the needfor aflexible, modularandextensiblehigh-level structureto supporta dis-
tributedsoftwaredevelopmenimodelhasbecomeapparent.

First attemptsat standardizatiorfior parallelcomputingarchitectureesultedin
standards$or low-level communicatiorAPIs (MPI, OpenMP).Thesehavethedisad-
vantageof implying a particularkind of underlyinghardware(distributedor shared
memory)andaddgreatlyto codecompleity for portablesoftwarethatattemptsto
encompasmultiple parallelismsemantics.

Effortsarecurrentlyunderwayto createa softwareinfrastructurefor theclimate
modelingcommunitythat meetstheseneedswith high-performanceoderunning
onawide varietyof parallelcomputingarchitectures;oncealinghe communication
APIs from high-level code. A prototypefor this would be the domainclasslibrary
describedn Sec.3.

Theclasdibrary approachs a powerful meansf encapsulatinghodelstructure
in anintuitive manneysothatthe datastructuredeingusedareobjectsconceptually
closeto the entitiesbeing modeled. In this paperl have demonstratedhe exten-
sion of this approachto createa classof modular configurableparallel numerical
kernelsusingFortran-90suitablefor usein earthsystemsnodels.Thelanguageof-
fersareasonableompromisébetweerhigh-performanceumericalkernelsandthe
high-level structurerequiredfor a distributeddevelopmentmodel. This approactis
beingexperimentallyappliedto productionmodels particularlyin high-lateny code
segmentswhereconfigurablehaloscouldyield performancenhancementst could
yield additionaladvantagesn modelswherewe may needto choosedifferentgrid
stencilsfor differentresearchproblemsusingthe samemodelcode.

The parallelnumericalkernelsdevelopedherehave beenvalidatedon a small
subsebf currentcompilersandarchitecturesAs they usemary advancedanguage
featuresit is likely that performanceon differentplatformswill be uneven. Thisis
somethingthat the developersof sharedsoftware infrastructurewill have to come
to termswith. A key recommendatioflowing from the conclusionsof this paper
would be an earnesteffort on our part to involve the compilerand languagestan-
dardscommunitiesn theseefforts. This involvescloserpartnershipratherthanan
antagonistiaelationshipwith the scalablecomputingindustry andparticipationof
our communityin the evolution of languagestandards.
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